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We discuss the cosmology in four dimensions within a context of brane-world scenario. Such models
can predict chaotic inflation with very low reheat temperature depending on the brane tension. We
study the perturbative production of gravitinos in the frame-work of brane cosmology and we notice
that tuning the brane tension or the ve dimensional Planck mass it is possible to obtain a very
small abundance for gravitinos. We also study Afleck-Dine mechanism for baryogenesis in our toy
model and we notice that it is possible to attain an observed baryon asymmetry which depends on
the brane tension but not on the mass parameter responsible for lifting the flat directions in broken
supersymmetric theories.
Recently there has been a renewed interest in perceiv-
ing the four dimensional world which is in a form of three
dimensional hypersurface along with time embedded in a
higher dimensional space-time. Such a claim has a pedi-
gree from strongly coupled sector of E8  E8 hetrotic
string theory which can be described by a eld theory
living in a 11 dimensional space-time [1]. The 11 dimen-
sional world comprise of two 10 dimensional hypersur-
faces embedded on an orbifold xed points, where elds
are assumed to be conned to the hypersurfaces which
are known to be 9 branes in this scenario. After com-
pactifying the 11 dimensional theory on a Calabi-Yau
three fold, one obtains an eective 5 dimensional theory
[2] which has a structure of two 3 branes situated on the
orbifold boundaries. The theory allows N = 1 supergrav-
ity with gauge and chiral multiplets on the two 3 branes.
Thus, it is possible to get phenomenologically interesting
N = 1 supergravity in four dimensions from the hetrotic
string theory. The low energy theory in four dimensions
also allows a rich cosmological implications and in recent
past some attempts have been made to understand the
cosmology of the very early Universe [3].
In this paper we consider a very simple toy model in
5 dimensions and we assume that we reside in one of the
two 3 branes which are separated by a distance. In this
set-up it has been realized that the eective 4 dimen-
sional cosmology is non-conventional [4]. The Friedmann
equation is modied due to the localization of the elds
on the brane and also due to the presence of the sec-
ond brane which constrains the matter energy densities
and the equation of states of matter contents of the two
branes. The extra 5th dimension is assumed to be orb-
ifold, y = −y and static in our case. The main goal of
this paper is to point out some of the interesting impli-
cations of the brane cosmology taking place at a energy
scale below four dimensional Planck mass and above the
nucleosynthesis scale. It is fairly well recognized that
the root of most of the nagging problems of presently
observed Universe has some relation to the early Uni-
verse. We mention here two of them. The present Uni-
verse seems to be extremely flat, isotropic and homoge-
neous. A small inhomogeneity is measured to be one
part in 105 by COBE satellite, and second startling ob-
servation is that the present observable Universe has a
small baryon asymmetry which is noted to be roughly
one part in 1010 measured from the abundances of light
elements synthesized at the time of nucleosynthesis. The
small inhomogeneity of the Universe can be explained
by the quantum fluctuations of the scalar elds either
taking part directly in cosmic inflation or sitting in the
minimum of their potential but making their presence via
quantum fluctuations. On the other hand the observed
baryon asymmetry can also be explained quite elegantly
in the early Universe because of the presence of preferred
time and the expansion of the Universe which leads to
out-of-equilibrium decay of massive particles via explicit
CP violation interactions. In this paper we will consider
one such example of baryogenesis in the supersymmetric
theories which is known as Afleck-Dine (AD) mechanism
[5]. Strictly speaking we will be treating the branes as
hypersurfaces and also assume that initially the branes
are supersymmetric and due to some known or unknown
reasons supersymmetry is broken at a suitable scale to
solve hierarchy problem in our brane. Regarding this we
are not realizing to solve the hierarchy problem as pro-
posed in Refs. [6]. However, we remind ourselves that the
presence of the extra dimension could play a great role in
the whole discussion. So, we move on to describing the
basics of the non-conventional cosmology in our brane.
A simple isotropic and homogeneous cosmology can
be described by a useful parameter known as the Hubble
parameter which explains the rate of expansion of the
Universe for a given matter content. It has been noticed
that the presence of the extra brane and the condition
that the matter content in our own brane is localized


















where 4 is a four dimensional cosmological constant, ρ
is the energy density of the matter stuck to the brane
and the last term signies the influence of bulk gravitons
on the brane, which we will neglect at the moment. The
1
brane tension λ relates the four dimensional Planck mass











It is noticeable from Eq. (1) that there is an extra contri-
bution to the right-hand side of the Friedmann equation.
If we demand that successful nucleosynthesis occurs then
the second term proportional to ρ2 has to play a negligi-
ble role at a scale  O(MeV) corresponding to the era of
Big Bang nucleosynthesis, thus we have to assume that
the modied Friedmann equation paves the usual term
in the right-hand side of Eq. (1), which is just linear in
energy density ρ. This naturally leads to constraining
the brane tension as λ > (1MeV)4. This means that
the Universe evolves exactly in a familiar fashion even
in the presence of branes at energy scales lower than a
MeV. However, there could be a signicant departure
from the usual lore at very high energy scales, especially
when 2λ < ρ. In this regime the expansion rate of the
Universe is certainly dominated by the ρ2 term in the
right-hand side of Eq. (1). Our aim is to illustrate that
perhaps we can accommodate the non-conventional term
in Eq. (1) for solving some of the problems, such as excess
gravitino production during reheating. The ρ2 term cer-
tainly assist inflation because the Hubble friction term is
more dominant in this case. However, the same friction
terms leads to slow down the expansion of the Universe
during the radiation era. In this context it is worth notic-
ing that the mass splitting between the bosons and the
fermions in the supersymmetric theories is  1TeV, if we
believe that the hierarchy problem is solved by invoking
supersymmetry. The mass scale is also known to be the
mass of the gravitino m3/2  M2susy/Mp. If the mass
scale corresponding to the brane tension is assumed to
be smaller than the mass of the gravitino, then there lies
some interesting possibilities which we will explore in this
paper.
Here we write down the energy conservation equation
for the matter which is strictly residing within the brane.
_ρ+ 3H(ρ+ p) = 0 . (3)
It is noticeable that the conservation equation holds for
the matter eld living in the brane, however, this would
not be the case if there were non-minimal coupling of a
scalar eld to gravity residing in the bulk and the brane.
Interesting cosmology will be discussed elsewhere in this
direction, but for the moment we follow Eq. (3). This
has an obvious consequence for the scalar eld dominat-
ing the early Universe during the inflationary phase. It
has has been pointed out in Refs. [4,7,8] that inflation
is well supported by the ρ2 contribution and as we had
argued earlier the dominance of the friction term possi-
bly leads to many e-foldings of inflation. For our pur-
pose it is the last 50 − 60 e-foldings of inflation would
be sucient to form the structure formation in the Uni-
verse. The possibility of chaotic inflation with massive
inflaton eld (V (φ) = m2φ2/2) has been discussed in
Ref. [7] with a vanishing four dimensional cosmological
constant. Whatsoever be the deep-rooted reason we al-
ways assume that the four dimensional cosmological con-
stant is set to be zero from the onset of inflation. The
density perturbation produced by the scalar eld φ dur-
ing inflation has been compared to that of the COBE
result and it has been realized that chaotic inflation can
occur for eld values below the four dimensional Planck
mass φcobe  102M1/3p λ1/6 < Mp but above the ve di-
mensional scale M5. The mass of the inflaton eld has
also been found to be constrained m  5  10−5M5,
which essentially translates to m  10−5M1/3p λ1/6, from
Eq. (2). Hence, for λ  O(GeV)4, the mass could be
m  O(10)GeV, and φcobe  O(108)GeV. Thus the
scale of inflation is determined by the brane tension and
depending on its value inflation could take place at ex-
tremely low scale. One of the most important conse-
quence of having inflation at a low scale is the low re-
heat temperature and various other physical implications
which we will describe next.
It is known to us that inflation leads to extremely cold
Universe because the entropy generated before and dur-
ing inflation redshifts away, thus it is necessary to attain
thermalization at a scale above the nucleosynthesis scale
to preserve the successes of the Big Bang model. In this
section we would like to estimate the reheat temperature
of the Universe in our scenario. We notice that after the
end of inflation the scalar eld begins oscillating coher-
ently at the bottom of the potential and for the massive
inflaton the average pressure density vanishes during the
oscillations, and ρφ / a−3 where a is the scale factor. If
we denote ρφi and ai as the inflaton energy density and
the scale factor at the beginning of the coherent oscilla-
tions, then the Hubble expansion as a function of a scale









If we assume that reheating of the Universe is very e-
cient then we can assume that the potential energy stored
in inflaton converts to the kinetic energy in a form of ra-
diation. If the decay rate of the inflaton is denoted by
Γφ, then equating H(a) to Γφ leads to an expression for
the scale factors. Now, as we had advertised, if we as-





gT 4rh, where g is the relativis-










For the massive boson decay Γφ  αmφ, where α is di-
mensionless Yukawa coupling less than one, and taking
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For the brane tension λ  O(1)GeV, reheat temperature
could be Trh  O(103)GeV, assuming g  O(100) and
α  0.01. However, the reheat temperature is always
more than the brane tension. This is a direct consequence
of inflation occurring at low scales. Inflation at such a
scale is desirable from the point of view of nucleosynthesis
which we briefly describe here.
If we believe that supersymmetry is needed to solve the
hierarchy between the electro-weak scale and the four di-
mensional Planck mass then the gravitino mass must be
no higher than  1 TeV. Since we know that gravitino
coupling to matter is Planck mass suppressed, the life




−3 sec [10]. If the gravitino decays to ei-
ther gauge bosons and its gaugino partner or if it decays
to high energetic photons, synthesis of light elements can
be in danger by disturbing the number density of baryon
to photon ratio required for the successful nucleosynthe-
sis. However, if the Universe thermalizes at a tempera-
ture which is as low as O(103) GeV, the thermal produc-
tion of gravitinos is also suppressed, but gravitinos could
also be produced non-perturbatively during preheating
[11], which we do not consider here.
In order to study the gravitino abundance we need to










where h...i represents thermal average, nrad is the num-
ber density of relativistic particles nrad / T 3, vrel is the
relative velocity of the scattering radiation which in our
case hvreli = 1, and the factor m3/2/hE3/2i is the average
Lorenz factor. We notice that in radiation era the non-












In supersymmetric version g  300, if the reheat tem-
perature is more than the masses of the superpartners.
It is worth mentioning that the scale factor during the
radiation era follows a(t) / t1/4, which is contrary to the
standard Big Bang scenario where a(t) / t1/2. However,
we must not forget that the derivation is based on the
fact that we are in a regime where ρ > 2λ. In Eq. (8),
after the end of inflation the rst term in the right-hand-
side dominates the second. If we assume the adiabatic
expansion of the Universe a / T−1 then we can rewrite






We notice that we can integrate the temperature depen-
dence from this equation and we mention here that the
above expression is exactly the same as in the standard
Big Bang case [9]. However, Eq. (10) does not produce
the correct value of Y3/2, since the true conserved quan-
tity is the entropy per comoving volume, in our case if
we assume the gravitinos do not decay within the time
frame we are interested in, then we may be able to get
the abundance expression at two dierent temperatures
Y3/2(T )  nrad(Trh)htoti
H(Trh)
. (11)
Here we assume that the initial abundance of gravitinos
at Trh is known to us. The total cross-section tot /
1/M2p , and nrad(Trh) / T 3rh, we nally get an expression
for the gravitino abundance at temperature T





The above expression is an important one and now we
are in a position to estimate the abundance for grav-
itinos. First of all we mention that the abundance
equation is in stark contrast to the conventional one
Y3/2  10−2(Trh/Mp), where the reheat temperature ap-
pears in the numerator rather than in denominator. If
we assume that after their creation during reheating their
number density is conserved, then for Trh  103GeV and
λ  (1GeV)4, we get an extremely small abundance of
gravitinos Y3/2  10−24. However, for the similar param-
eter, the conventional Big Bang cosmology would predict
the abundance Y3/2  10−18. Thus we nd that it is
possible to solve the gravitino crisis in the standard Big
Bang scenario if we have a brane cosmology. However, we
should also study other important aspects of the brane
cosmology and to illustrate another example we concen-
trate upon the issue of baryogenesis.
An important mechanism for generating baryon asym-
metry is through the decay of sfermion condensate pro-
posed in Ref. [5], and known as AD mechanism. Let us
consider sfermions condensate denoted by ψ and a simple
potential for ψ which is lifted by breaking supersymmetry
at a suitable scale.
V  ~m2ψ2 , (13)
where ~m is related to the supersymmetry breaking scale.
A large baryon asymmetry can be generated if there is
a baryon number violating operator, such as hAi 6= 0.
The baryon number density stored in the sfermions os-










where ψ0 is the initial amplitude of the sfermions os-
cillations, MG can be assumed to be the intermediate
scale could be supersymmetric grand unication scale,
and (ψ20/M2G) is the net baryon number generated by
the decay of ψ. As we know in general that the inflaton
begins oscillating when H  mφ at a = aφ and oscil-
lations of the sfermions begin quite late when H  ~m
at a = aψ. However, in our case since the inflationary
scale could be quite low depending on the brane ten-
sion, the situation could be altered, sfermions can start
oscillating much before inflation begins, and thus real-
ization of the AD mechanism could be threatened. Since
our calculation is quite general, we are free to choose
the brane tension at our will, so we proceed with our
calculation. In our non-conventional cosmology if we as-
sume that the inflaton eld initially dominates the dy-
namics then H  (ρφ/Mp
p
λ)(aφ/a)3, and for quadratic
inflationary potential H  (m2φφ2/Mp
p
λ)(aφ/a)3. So,
when H  ~m, the two scale factors aφ and aψ can be








If inflaton decays to radiation then Γφ = m3φ/M
2
p = H ,
where we have assumed that the inflaton decays with a
very small coupling, then it is possible to nd out the















 1. This ensures that the
Universe is dominated by the inflaton energy provided







we assume ecient reheating then we can estimate the






















4. Since the sfermions de-
cay after inflaton has decayed and reached its thermal-
ization it is important to know the interaction rate of
inflaton which leads to thermalization. Following the ar-
gument in Refs. [12,13] thermalization of the inflaton de-
cay products can be estimated by






















where α is a gauge coupling constant, σ is the elas-






aφ. Upon thermalization the -
nal baryon to entropy ratio can be estimated with the
help of Eqs. (14) and (15). The entropy density is given























It is worth mentioning here that the nal expression
for the baryon asymmetry is independent of the mass
of sfermions, which is in contrast to the result obtained
in standard cosmology [13]. However, the ratio depends
on the brane tension. For λ  (1GeV)4,   10−2,
MG  1015 GeV, mφ  100 GeV, to obtain the desired
ratio nB/s  10−10, the amplitude of the ψ0  1010GeV.
Clearly such a possibility is not ruled out in the non-
conventional brane cosmology. This could be an exam-
ple of AD baryogenesis at extremely low scale. At higher
inflationary scale it is rather easier to realize this situ-
ation, but that would also require higher brane tension.
In this paper we have raised two issues relevance to the
early Universe, we have shown that it is possible to yield
a small abundance of gravitinos produced in a thermal
bath in our set-up and it is also possible to obtain a
low scale AD baryogenesis. It would be interesting to
consider other possibilities and work in this direction is
in progress. ACKNOWLEDGEMENTS: The author is
supported by the INLAKS foundation.
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